The ability of a chemical substance to adopt more than one crystal structure is known as polymorphism, [1] a phenomenon which can be both beneficial and problematic. [2] Serendipity often plays a key role in the discovery of new forms, because no general methodology exists for producing new forms of a given compound. Understanding the origin of polymorphism and controlling the outcome of crystallization processes to avoid undesired forms is therefore a current goal. [3] A closely related challenge is the prediction of a crystal structure from a given chemical structure. This process, which involves generating and energetically ranking many hypothetical polymorphs, is referred to as crystal-structure prediction (CSP). [4] The importance of CSP has been recognized through the "blind tests" conducted by the Cambridge Crystallographic Data Center (CCDC). However, even simple rigid molecules in common space groups present a considerable challenge, [5, 6] and prediction of flexible molecule crystal structures is even more difficult owing to the much larger parameter space to be explored. [7, 8] Examination of kinetic and thermodynamic issues in crystallization can provide insight into the mechanism of nucleation and aid development of better methodologies for CSP. In this spirit, we undertook the study of 6-amino-2-phenylsulfonylimino-1,2-dihydropyridine (1, Scheme 1), which was part of the second CCDC blind test in 2001 (molecule VI) [5b] and then subjected to additional scrutiny after the contest. [9] The dihydropyridine 1 prediction exercise ended with disappointment, as none of the participants of the blind test were able to predict the crystal structure correctly.
[5b]
Further study [9, 10] yielded a second polymorph of molecule 1, claimed to be the thermodynamic form; form II contained dimer hydrogen-bonding four-point synthon A (Scheme 2). It was proposed [9] that because form I contains two-point synthon B, it facilitates 1D growth and that this polymorph was the kinetically favored form. This rationale neatly explained why thermodynamic predictions of polymorph stability employed in most CSP approaches failed to find this form and implicated the initial crystallization conditions in leading to an unstable form.
Because polymorphism is so common in sulfonamides, [11] we were encouraged to reopen the investigation of molecule 1 utilizing functionalized cross-linked polymers as heteronuclei to reveal new regions of polymorph space. [3a] Polymerinduced heteronuleation (PIHn) is a strategy that has proven effective for a wide range of compounds. [12] Crystals of molecule 1 were grown from ethanol using PIHn (see the Supporting Information). Three types of crystal morphologies were observed: block-like crystals of form I, needle-type crystals of form II, and hexagonal plates (Figure S1 in the Supporting Information). Raman spectroscopic analysis of these crystals revealed three distinct forms with characteristic Raman spectra (Figure S2 in the Supporting Information), and the hexagonal plates where denoted as form III. The powder X-ray diffraction (PXRD) patterns of these three forms are distinct (Figure 1 ), and block-like form I and needle-like form II closely match predicted patterns based on the previously reported forms of molecule 1. [9] However, form III, although distinct (Table S2 in the Supporting Information), has some similarities in PXRD profile with form II, and this finding necessitated further study by singlecrystal X-ray diffraction.
The earlier reported structures [9] of form I and form II revealed the presence of synthon B and synthon A (Scheme 2) as building blocks of the crystal lattices with one and two molecules in the asymmetric unit, respectively. Form III is orthorhombic [13] with one molecule in the asymmetric unit. Moreover, form III exhibits two-point synthon B, similar to form I (Figure 2 of an amine with an imine N atom and N À H···O hydrogen bonds between secondary ring amine and the O atom of a sulfonyl moiety. Both form I and form III possess N À H···O interactions between translationally related molecules along the b axis. However, form II is quite different structurally, with NÀH···N and NÀH···O hydrogen bonding between two symmetry-independent molecules to make a dimer (Figure 2 b) . In form II, these 0D dimers are connected by N À H···O hydrogen bonds to make 2D sheet arrangements. Although form I and form III share the same synthon in their structures, orientations of phenyl rings are different, resulting in completely different packing (Figure 3 a,c) . The phenyl groups of the molecule in the dimer of form II are also in a syn orientation, as in form III, which leads to similar stacks of layered structures in both the forms (Figure 3 b, c) . Conformational analysis of the four symmetry-independent molecules in the three forms of molecule 1 reveals that they each have distinct molecular conformations (Figure 4 ). This conformational polymorphism arises from the flexibility along C-C-S-N, C-S-N-C, and S-N-C-N torsion angles.
It was previously proposed [9] that synthon A in form II is more preferred because of its shorter and more linear hydrogen bonding. Moreover, a lattice energy calculation (CVFF95) on the crystal structures suggested that form II is more stable by 0.86 kcal mol À1 . The Hirshfeld surfaces [14] of the polymorphs of molecule 1 ( Figure 5 ) reveal that form I has a greater contribution from O···H (26.1 %) and lesser N···H bonding (8.2 %) than form II (21.5 % and 10.4 %, respectively). In form III, the contribution of O···H hydrogen bonds is less (21.1 %), because it does not contain CÀH···O interactions, unlike form I. Overall, the analysis suggests that form II has a higher contribution from N···H bonds than form I and form III. Hirshfeld surface fingerprint plots (Figure S4 in the Supporting Information) show the presence of close O···H contacts in form I and close N···H interactions in form II.
Thermomicroscopy and differential scanning calorimetry (DSC) experiments confirm that form I and form III have approximately 12 8C higher melting point than form II Communications 8506 www.angewandte.org (Figure S5 in the Supporting Information). Moreover, it is observed that form II has a lower enthalpy of melting (DH = 9.56 kcal mol À1 ) than form I (DH = 11.81 kcal mol À1 ) and form III (DH = 10.92 kcal mol À1 ). The higher enthalpy of form I indicates more favorable packing energy than for form II and form III (Figure 3) .
Previous lattice-energy calculations [9] predicted that form II is more stable by about 1 kcal mol À1 than form I and, along with synthon energy computational results, concluded that form II is thermodynamically favored, while form I is kinetically favored. Our experimental results led us to reexamine this issue with a computational procedure based on the COMPASS force field that has been demonstrated to agree well with experiment for a range of polymorphic pharmaceuticals. [15] However, this method incorrectly predicts that form II is the lowest-energy arrangement, thus highlighting the challenge of applying computational approaches to this molecule.
Enthalpic measurements alone cannot predict which form is most stable at room temperature. To determine the relative free energy relationships, solvent-assisted polymorphic transformation experiments were carried out by combining polymorphs pairwise in ethanol; both form II and form III convert to form I, thus demonstrating that the crystal structure originally reported as the blind-test solution is the thermodynamically most favorable one at room temperature. To quantify these differences, relative free energies were determined (see the Supporting Information).
[12d] Form I is the most stable at 299 K and is more stable than form II by 0.44 kcal mol À1 and than form III by 0.23 kcal mol À1 . These experiments demonstrate that form I is the thermodynamically favored form and that form II is least stable among the three polymorphs. In this context, the results of all teams in the 2001 blind prediction trial were reexamined. The two most stable forms, forms I and III, were absent from all submitted structure predictions.
In conclusion the thermochemical and physiochemical relationship among the polymorphs of a conformationally flexible blind-test molecule has been established based on experimental findings. Moreover, a third novel form has been found for this important benchmark compound. These results demonstrate that though form I is the thermodynamic form, it was beyond prediction; this result highlights the importance in improvements of computational methodology for CSP. Finally, 20 years ago Maddox commented that the lack of success in CSP is a "continuing scandal" and noted that the "X-ray crystallographer need not worry-yet". [16] After two decades, although improvements have been made, there is still considerable job security for the experimental chemist and crystallographer. 
Introduction
McCrones [1] definition of a polymorph as "a solid crystalline phase of a given compound resulting from the possibility of at least two different arrangements of the molecules of that compound in the solid state" is widely accepted today. [2] The existence of polymorphism implies that free-energy differences between various forms are small (< 3 kcal mol
À1
) and that kinetic factors are important during crystal nucleation and growth. Molecular conformations, hydrogen bonding, packing arrangements, and lattice energies of the same molecule in different supramolecular environments may be compared in polymorphic structures. [3] Polymorphs are ideal systems to study molecular structure-crystal structure-crystal energy relationships with a minimum number of variables because differences arise due to different intermolecular interactions (supramolecular synthons) [4] and crystal packing effects and not because they are different chemical species. There is increasing interest in understanding polymorphism, growing new crystal forms, controlling the selective growth of one form, transformations between polymorphs, and the high-throughput crystallization of drugs. [5] Polymorphism is more widespread in pharmaceutical Abstract: 4,4-Diphenyl-2,5-cyclohexadienone (1) crystallized as four conformational polymorphs and a record number of 19 crystallographically independent molecules have been characterized by low-temperature X-ray diffraction: form A (P2 1 , Z' = 1), form B (P1 , Z' = 4), form C (P1 , Z' = 12), and form D (Pbca, Z' = 2). We have now confirmed by variable-temperature powder X-ray diffraction that form A is the thermodynamic polymorph and B is the kinetic form of the enantiotropic system A-D. Differences in the packing of the molecules in these polymorphs result from different acidic CÀ H donors approaching the C=O acceptor in CÀH···O chains and in synthons I-III, depending on the molecular conformation. The strength of the CÀH···O interaction in a particular structure correlates with the number of symmetryindependent conformations (Z') in that polymorph, that is, a short C À H···O interaction leads to a high Z' value. Molecular conformation (E conf ) and lattice energy (U latt ) contributions compensate each other in crystal structures A, B, and D resulting in very similar total energies: E total of the stable form A = 1.22 kcal mol À1 , the metastable form B = 1.49 kcal mol
, and form D = 1.98 kcal mol
. Disappeared polymorph C is postulated as a high-Z', high-energy precursor of kinetic form B. Thermodynamic form A matches with the third lowest energy frame based on the value of U latt determined in the crystal structure prediction (Cerius 2 , COMPASS) by full-body minimization. Re-ranking the calculated frames on consideration of both E conf (Spartan 04) and U latt energies gives a perfect match of frame #1 with stable structure A. Diphenylquinone 1 is an experimental benchmark used to validate accurate crystal structure energies of the kinetic and thermodynamic polymorphs separated by < 0. Keywords: conformation analysis · crystal structure prediction · polymorphism · supramolecular chemistry · symmetry-independent molecule · X-ray diffraction solids [6] than the estimates of 4-5 % polymorphic crystals [7] in the Cambridge Structural Database (CSD) suggest. [8] Among organic crystal structures, there is one example of a compound with seven polymorphs (5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, common name ROY), [9] sulfathiazole has five forms, there are 14 clusters of tetramorphs, and over a 100 trimorphic systems. [9b, 10a] Polymorphism is of great current interest because different solidstate forms can have different physical, chemical, and functional properties, for example, melting point, stability, color, bioavailability, pharmacological activity, and a nonlinear optical response.
Concomitant polymorphs [11] crystallize simultaneously from the same solvent and crystallization flask under identical crystal growth conditions. Bernstein [12] carried out early studies on conformational polymorphs (different conformations of the same molecule in different crystal structures) and conformational isomorphs (different conformers of the same molecule in the same crystal structure). Herein we describe a tetramorphic cluster of conformational polymorphs in which molecular-and lattice-energy compensation results in very small differences in the total energy of the concomitant polymorphs A-D of 4,4-diphenyl-2,5-cyclohexadienone (1). Experimental conditions are described for the preparation of thermodynamic form A and kinetic form B in a reasonably pure state. The implication of a molecular and crystal-packing balance is to rank crystal structure prediction frames derived from metastable rotamers by consideration of both conformation-and lattice-energy contributions, which gives an excellent match of the global minimum structure with stable form A.
Results and Discussion
Crystal packing and multiple Z' in polymorphs: Crystallographic data for the polymorphs A-D of diphenylbenzoquinone 1 are listed in Table 1 . [13] The molecule has several acidic, activated donor hydrogen atoms of sp 2 -and phenyl CÀH-type whereas there is a single carbonyl acceptor. Depending on the molecular conformation one or more of the several possible C À H···O interactions [14] are optimized in the crystal structure (Figure 1 ). For example, form A has zigzag chains of CÀH···O interactions between screw-axis-related A i molecules of graph-set notation [15] Figure 1 . We have not found polymorphs of bis(biphenylyl) ketone 2 [16] or its substituted phenyl derivatives 3 (4-Cl/Br/ Me)
[10b] so far. The number of symmetry-independent or crystallographically unique molecules/ions in a crystal lattice is Z'. Alternatively, Z' may be defined as the number of formula units (Z) divided by the number of independent general positions for that space group. Z' is typically 1 or 0.5 in crystal structures (87 %). A high Z' of 12 for form C is a record for polymorph clusters [9b] (Table 2 ) and as such rare in the CSD [8] (only five hits). Structures with high Z' values continue to interest crystallographers but it is still not properly understood why some categories of structures exhibit a higher frequency of Z' > 1. Steed [17] has critically reviewed the reasons for high-Z' crystal structures. 1) The molecule has a packing problem because of its awkward shape, which is reconciled by having two or more molecules in different conformations. [18] 2) The molecules organize in stable clusters prior to reaching the highest symmetry arrangement in strong OÀH···O hydrogenbonded structures because of the enthalpic advantage derived from s-cooperative chains, [19] for example, as in alcohols, phenols, steroids, nucleotides, and nucleosides. 3) Several low-lying molecular conformations interconvert in solution and more than one molecule may crystallize simultaneously for kinetic reasons. The last of these situations occurs in the conformational polymorphs of 1, which provides a unique opportunity to study polymorphic structures with multiple values of Z'.
Cholesterol (Z' = 16) is a prototype example of strong OÀ H···O hydrogen bonds being associated with unusually high Z' values. An exceptional case in the weak hydrogen bond category is the crystal structure [ReCl 2 A C H T U N G T R E N N U N G (NCMe)(NO)-A C H T U N G T R E N N U N G (PMe 3 ) 2 ] (CSD refcode WODCOH, Z' = 11), [20] which has a dense network of CÀH···O and CÀH···Cl interactions. We observed an interesting trend in the polymorphs of 1, namely that the number of conformations in a particular structure (Z') correlates with CÀH···O bond strength/distance. Figure 2 is a distance-angle scatter plot of CÀH···O interactions in polymorphic forms A-D. CÀH···O contacts in form C are, in general, shorter than those in forms B and D [a] in organic crystal structures with multiple molecules in the asymmetric unit.
Entry
CSD refcode [b] No. of polymorphs Highest Z' conformational polymorphs (! 4 forms) [a] 9 PUBMUU [c] 3 1 6  10  IFULUQ  4  8  11  DUVZOJ  3  6  12  ZZZVTY  3  5  13  THIOUR  3  4.5 [a] Cut-offs were made to limit the number of structures analyzed. [b] See ref. [8] . [c] Compound has a high number of polymorphs and a high Z' value. [21] particularly as their energies are comparable to favorable close-packing forces. The inverse relationship between Z' and H···O distance is observable in polymorphic cluster 1 because detailed supramolecular effects can be clearly discerned against a background of a constant molecular structure.
The occurrence of high-Z' polymorphs and the relationship between Z' and CÀH···O strength alludes to the importance of kinetic factors during crystallization. We therefore wanted to identify which of the concomitant polymorphs A-D is the kinetic form and which is the thermodynamic one and determine the nature of the phase transitions between these forms.
Variable-temperature powder X-ray diffraction: We obtained single crystals of all four forms in preliminary batches [13] but subsequent experiments gave mostly forms A and B, as determined by unit-cell checking of several crystals. However, powder X-ray diffraction shows all four forms in the concomitant mixture at room temperature (Figure 3) . A typical solid upon crystallization from EtOAc/n-hexane contains form A (~40 %), forms B + C (~50 %), and form D (~10 %). The ratios were determined by the Rietveld refinement [22] of observed powder XRD plots with simulated peaks for each crystal structure (Powder Cell 2.3). Triclinic forms B and C are taken together because it is not possible to distinguish between these closely related forms from their overlapping diffraction patterns ( Figure S1 , Supporting information). The mixture of forms at room temperature was heated to study phase transformations. The peak profile is relatively stable between 30-60 8C, however, we noticed changes as the sample was heated to 70 8C (Figure 4 ): Certain peaks disappeared and the overall pattern became significantly sharper with fewer but more intense lines. The PXRD profile is relatively unchanged between 70-100 8C, after which the material became mostly amorphous and then gradually turned to a semi-solid/melt mass at 105-115 8C. There are no reflections from the sample at T > 105 8C except for the peak from the sample holder at 25.28. VT-PXRD shows that heating polymorphs A-D to a premelt temperature of 70 8C transforms the mixture to form A ( Figure 5 ) with good polymorph purity (> 95 %), based on a match with simulated peaks of the crystal structure. Monoclinic polymorph A therefore is a thermodynamic modification of the enantiotropic system of polymorphs 1 between 30-80 8C.
Chiral form A was prepared in high purity and shown to have a nonlinear optical signal equal to that of urea when irradiated with a Nd 3 + -YAG laser (1.06 mm). However, the mixture of polymorphs obtained from a typical solution crystallization does not emit light at 532 nm. The preparation of form A by the above heating method is preferred over controlled crystallization at À5 8C because of contamination from other polymorphs over a period of time, presumably due to accidental seeding of laboratory space, [23] a term used to describe difficulties in isolating an early polymorph after the appearance of other forms of the same compound. Polymorphs of 1 do not follow Ostwalds rule of stages, [24] with stable form A appearing first from solution crystallization followed by metastable forms B and C.
Kinetic form B was prepared by heating the polymorphic mixture to a melt phase in the powder X-ray diffractometer pan at~115 8C. Cooling the sample to room temperature afforded reasonably pure polymorph B (Figure 6 ). This was confirmed by unit-cell checking of a few randomly picked crystals. Although polymorphs A-D have quite different arrangements of molecules and unit cells, they melt at the same temperature (T m = 120.45 8C) and there is no apparent phase transition other than the melting endotherm in differential scanning calorimetry ( Figure S2 , Supporting information).
There are alternative explanations for the occurrence of concomitant polymorphs: [11] Simultaneous nucleation of more than one form from solution, interconversion between polymorphs, their appearance in order of stability, and heterogeneous cross nucleation.
[5e] The simultaneous crystallization of all four forms A-D from the homogeneous medium is the most likely reason for the concomitant cluster 1. Interconversion in solution is minimal at room temperature be- cause the percentages of various forms in different batches are within the experimental limit of 5 %. As mentioned, the system does not obey Ostwalds law of stages. Heterogeneous cross nucleation in the heated/melt phase is ruled out because if this were happening then cooling the sample from 70 and 115 8C would not only give form A and B, respectively, but also other polymorphs from seeded nucleation and growth.
Conformation and lattice energy compensation: Compound 1 is an excellent system for studying how interconverting molecular conformations in solution lead to different crystal packing arrangements involving several conformers in the solid state. The energies of the molecular conformations and the crystal lattice were calculated to obtain a quantitative picture of polymorphism in 1 and a clue as to why these conformational polymorphs appear concomitantly. The conformation energies (E conf ) and dipole moments (m) were calculated using the Spartan 04 package [25] ( Table 3) . Each molecule was extracted from the crystal structure and energy-minimized (HF/6-31G**) keeping the conformation fixed (heavy carbon and oxygen atoms invariant) while the hydrogen atoms were allowed to relax to reasonable geometries following the method of Yu et al. [9a] The torsion angles t 1 and t 2 that define the rotation about the C quinone À C phenyl single bonds lie in the range of 8-22 and 12-388, respectively, along the scatter plot diagonal (Figure 7 ). In general, in the 19 rotamers t 1 ¼ 6 t 2 save conformer A i and C xi (see Figure (Table 3 ). Conformers C i -C xii are higher in energy (E conf = 2-9 kcal mol À1 ) but this could be due to an error in the experimental X-ray geometry as the R factor of form C is high (11.1 %). Therefore we focus on structures A, B, and D in this discussion. The conformers of forms A, B, and D readily interconvert in solution through geared (correlated) rotation of the phenyl rings [13] about t 1 and t 2 because the energy barrier should be accessible through the thermal motion of atoms (RT~0.5 kcal mol À1 at 298 K) in the crystallization regime between À5 and 100 8C. The crystal lattice energies, U latt , of polymorphs A-D were computed using the COMPASS and DREIDING 2.21 force fields (Table 4, Cerius   2 ). [26] We discuss COMPASS numbers because this force field is better parametrized and gives more accurate energies of organic molecules [27] that are typically stabilized by hydrogen bonds, intermolecular interactions, and van der Waals forces. COMPASS [28] is better suited for molecule 1 because electrostatic stabilization by CÀH···O hydrogen bonds and edge-to-face aromatic interactions is included in the coulombic term. Form A has the most stable crystal structure (U latt = À32.69 kcal mol
À1
) and forms B, C, and D are less stable by 1.03, 1.06, and 0.82 kcal mol
, respectively. However, all these crystal structures are a compromise between intra-and intermolecular stability. Either the molecular conformer or the lattice energy is at the minimum, but both intra-and intermolecular energies are not the lowest in any structure. For ). Both intra-and intermolecular energy contributions are included in the total energy term (Table 5 ). In increasing order of E total (COMPASS): form A (thermodynamic, most stable) < B (kinetic, intermediate stable) < D (least stable). This energy order is consistent with the thermodynamic stability of form A determined in the VT-PXRD experiments and the crystallization of the kinetic form B from the melt of the polymorphic mixture. On the other hand, the U latt (COMPASS) stability order of A < D < B and the energies calculated by using the DREIDING 2.21 force field (D < A < B) do not agree with experiment. We believe that calculations using the COM-PASS force field give an indication of the relative stability of the polymorphs with an energy difference of 0.3-1.0 kcal mol À1 for small organic molecules. The molecular conformations and crystal lattice energies suggest the following picture of polymorphism in 1. Depending on the geometry of a particular conformation, a different C À H···O interaction and aromatic packing motif lead to a metastable crystal structure. The reason for conformational polymorphism in 1 is that CÀH···O motifs in its crystal structures (Figure 1 ) involve one of the phenyl CÀH donors, except for those in dimer I which are between the quinone groups. Therefore a change in molecular conformation will alter the strength of weak CÀH···O and van der Waals interactions and in turn the preferred crystal-packing motif. The energy penalty in the molecular conformation is compensated by lattice-energy gain from intermolecular interactions and close packing, and vice versa, because their magnitudes are comparable, DE conf % DU latt = 0-2 kcal mol
. Facile rotamer interconversion in solution and very similar crystal energies mean that more than one molecular conformation may crystallize out simultaneously to give concomitant conformational polymorphs of 1.
Price and co-workers [29] recently examined intra-and intermolecular energy compensation in the conformational polymorphs of some drugs, for example, aspirin, barbituric acid, and piracetam. Surprisingly, the quintessential polymorphic compound, ROY, appears to be an exception to the above-mentioned energy balance situation: the stable perpendicular conformation is present in the thermodynamic yellow crystal form. [30] This prompts the question: Will metastable crystal forms of ROY give way to the stable polymorph because the system may gradually transform to the bottom of the molecular and lattice energy well?
Having discussed forms A, B, and D we will briefly mention the unusually high Z' value (= 12) of polymorph C. We previously postulated [13] that form C represents a snap-shot picture of an evolving crystal nucleus on the way to form B (Z' = 4) wherein the molecules have aggregated to form the www.chemeurj.org crystal lattice but the periodicity is yet to reach the highest possible crystal symmetry. The 12 high-energy conformers of crystal structure C may be viewed as metastable relics of the relatively stable four conformers of form B. Attempts to study the transformation of form C to B in the laboratory were thwarted by our inability to grow crystals of form C after the initial X-ray diffraction experiment. The above interpretation is consistent with the following observations. 1) The higher-energy conformers in form C participate in stronger CÀH···O interactions and this alludes to the greater role of kinetic factors in the nucleation of this polymorph.
2) The close relationship between forms C and B is evident from their crystal structures: They have the same space group and overall packing that is sustained through CÀH···O synthons I and II and overlapping powder XRD peaks. In short, high Z' structures are not just a crystallographic oddity but they open a window to "see" crystal nucleation and growth. Does molecular conformation determine crystal packing or are favorable crystal packing effects able to trap metastable molecular conformations? This question is difficult to quantify in the present case because E conf and U latt differences are of the same order of magnitude. We can nonetheless say that a particular conformation is associated with a specific CÀH···O synthon even though that rotamer is present in different polymorphs. For example, B iv and C vii rotamers have similar conformations and they engage in synthon II in the crystal structures of polymorphs B and C. Such a reality, namely that a less stable conformation can lead to a more stable crystal lattice in conformational polymorphs, is a major challenge in the crystal structure prediction of flexible molecules.
Computational prediction of form A: The ab initio prediction of crystal structures of organic molecules from their molecular diagram is a global research activity, [31] which should give us a better understanding of the crystallization process and even protein folding. In crystal structure prediction (CSP), the input for flexible molecules is progressing from the first phase of using stable gas-phase conformations to metastable conformations. [29] The main difficulties in predicting the structures of conformationally flexible molecules are the following. 1) The stable conformation may not result in the thermodynamic crystal structure. 2) Which metastable conformation out of several low-energy rotamers should be selected for simulations? 3) Both conformation-and latticeenergy contributions to crystal structure stabilization must be taken into account. These issues are pertinent to molecule 1 and we now present a possible solution for predicting and ranking structure frames of a conformationally flexible molecule. Thermodynamic polymorph A is the target in crystal structure prediction because at the present time CSP computations are only able to predict the lowest energy [a] Molecules are numbered in order of increasing energy. [b] Conformer B i has the most stable conformation (À479 813.50 kcal mol À1 ) and is arbitrarily fixed to 0.00 for comparison of conformation energies.
[c] The molecular skeleton was minimized to the stable gas-phase rotamer. structure and those with Z' = 1. The objective of our simulations was to reproduce the known stable polymorph A and to identify structures of similar energies as a guide for future crystallization experiments. We have used Polymorph Predictor (Cerius 2 ) [26] (PP) computations to generate several putative crystal structures of 1 from the stable molecular conformation derived from Gaussian 03. [32] In structure prediction, the conformation should be allowed to vary during the energy minimization of frames (defined as full-body minimization) to cover the complete range of possible crystal structures in flexible molecules. Rigid-body minimization (the molecular conformation is held fixed) is about five times faster but it generates structures that correspond to local minima for a particular conformation, not necessarily the global minimum. Crystal structure frames were generated in six common space groups, P2 1 /c, P1 , C2/c, Pbca, P2 1 , and P2 1 2 1 2 1 . Ten unique low-energy frames within 4 kcal mol À1 of the global minimum are plotted for each space group in Figure 8 (total of 60 structures, see Table S1 , Supporting Information, for values). The experimental structure A is the third rank frame based on values of U latt . Cell parameters, torsion angles, and the lattice energy of CSP frame #3 match remarkably well the experimental structure A having a deviation of within 3 % ( Table 6 ). The crystal packing in the simulated structure is identical to the observed form and their powder XRD profiles are in good agreement ( Figure 9 and Figure S4, Supporting Information). Although the fact that frame #3 matches the observed structure is short of the correct answer, our reproduction of a large and flexible molecule (compound 1) is quite good in relation to ongoing CSP efforts by other groups. [31] How important is the starting conformation in generating a particular crystal structure of 1? Given that the molecular conformation, CÀH···O synthon and crystal packing are inti- [a] The hydrogen bond energy is partitioned in the DREIDING 2.21 force field but it is part of the coulombic component in the COMPASS force field. Lattice energy versus net volume (V/Z) for structures of molecule 1 generated in six common space groups by full-body minimization using the Polymorph Predictor software package. Experimental crystal structure A matches with the third rank predicted structure based on values of U latt . See Table 6 for details. Table 6 . Comparison of predicted [a] and experimental [b] structure parameters. .
[c] The deviation in cell parameters from those of the full-body minimized structure #3 is < 3 %.
www.chemeurj.org mately related in the polymorphs of 1, we were encouraged to find that rigid-body minimization starting from rotamer A i gave the lowest energy structure #1 as polymorph A (Table 6 ). To further attest the significance of metastable conformations in generating structures of 1, the gas-phase conformation, which is not observed in any known polymorph so far, was used in CSP. Predicted structures from the stable Gaussian 03 rotamer (t 1 = t 2 = 23.88) are less stable (U latt = À28 to À30 kcal mol
, Table S2 , Supporting Information) than the observed crystal structures (U latt = À31 to À33 kcal mol
, Table 4 ) with metastable conformations.
The discussions so far imply that the contribution of molecular conformation energy to crystal structure stabilization is significant and so one should accurately compute both intramolecular and intermolecular energy terms. Structures predicted by full-body minimization adopt the best molecular conformation for a stable crystal structure in that space group because the conformation is allowed to adjust during the simulation. The lattice energy quantifies the intermolecular component arising from hydrogen bonds, electrostatic interactions, and van der Waals forces. The gain/penalty from the molecular conformation must be added/subtracted to accurately calculate the total crystal energy. To implement this method, the U latt component was calculated by rigid-body minimization [33] and E conf was calculated using Spartan 04. The starting rotamer was extracted from the full-body minimization frame and structures were generated by the rigid-body method. The minimum energy structure in the rigid-body simulation matches with the full-body reference frame in all respects: Cell parameters, crystal packing, and simulated PXRD (Table S3 , Supporting Information). Frame numbers 1-10 of the flexible-body method (Table S1) were re-ranked based on the total energy, E total = E conf + U latt , of rigid-body minimized frames (Table 7) . There is significant reorganization in the rankings of predicted structures when accurately calculated crystal lattice and molecular conformation energies are considered together to prioritize the simulated frames using increasing E total as the criterion instead of only U latt . Frame #3 of the flexible-body minimization is now the global minimum frame #1 and it perfectly matches stable form A. We take advantage of both the flexible-body and rigid-body minimization methods in Cerius 2 Polymorph Predictor to simulate the crystal structures of a molecule with several low-energy conformations. The best metastable conformation for generating stable crystal packing is determined by allowing torsion angles to vary. Then U latt and E conf are accurately calculated for this ideal conformation and their sum is taken to finalize the lowest energy structure. The above iterative method for deriving the correct metastable conformation and then re-ranking predicted crystal structure frames is not reported in the CSP literature to our knowledge. It is suitable for structure prediction of flexible drug molecules in which conformation-and latticeenergy contributions must be properly quantified.
Among the 60 predicted structures (Table S1 , Supporting Information), the molecular conformation in global minimum frame #1 in the P1 space group (t 1 , t 2 = 28.4, 28.68, E conf = 2.55 kcal mol
) is not too high in energy relative to the stable rotamer B i and may be accessible if a much more stable U latt is able to compensate for the E conf penalty through stronger intermolecular interactions and better close packing. We are searching for new polymorphs of 1 through exhaustive crystallization screens. [34] 
Conclusion
Our experimental and computational results on tetramorphic cluster A-D of diphenylquinone 1 can be summarized as follows. 1) Variable-temperature powder XRD shows that form A is the thermodynamic polymorph and form B is the kinetic phase. The enantiotropic relationship means that lattice-energy differences as small as 0.3 kcal mol
) computed using the COMPASS force field (Cerius 2 ) are experimentally verified. This value serves as a benchmark for future work on crystal structures that lie in a shallow potential energy well such as concomitant and/or conformational polymorphs. 2) We have shown that weak but directional C À H···O interactions promote multiple molecules in the asymmetric unit and moreover that a short H···O distance in a particular polymorph relates to a high Z' value of that crystal structure. Z' is 4 in kinetic polymorph B and 1 in thermodynamic polymorph A.
3) The reason for conformational polymorphism in 1 is the presence of several low-energy, interconverting conformations in solution. The crystal structures of 1 are a compromise between the minimization of intramolecular (rotamer) and intermolecular (interaction) energies. Crystal packing stabilizes the metastable molecular conformation of 1 in the solid state. 4) Thermodynamic polymorph A is reproduced as frame #3 in full-body minimized structure prediction based on U latt . Reranking of frames by including the E conf contribution to the crystal energy gives global minimum structure #1 which matches form A. This exercise gives a posteriori validity to Cerius 2 Polymorph Predictor for a conformationally flexible medium-sized organic molecule. Our results on prototype system 1 are currently being examined and evaluated in other polymorphic clusters.
Experimental Section
Synthesis: Compound 1 was prepared in four steps as shown in Scheme 1.
[35]
trans-Stilbene (1.1 g, 6.0 mmol) in CH 2 Cl 2 (60 mL) was added dropwise to a stirred solution of m-CPBA (1.14 g, 6.6 mmol) in dry CH 2 Cl 2 (15 mL) at 0 8C. The reaction was continued for 30 h. The mixture was washed with a NaHCO 3 solution and water. The resulting epoxide was extracted with CH 2 Cl 2 and evaporated in vacuo to give pure trans-stilbene oxide (1.2 g, 95 %).
trans-Stilbene oxide (1.20 g, 6.0 mmol) was stirred with BF 3 ·Et 2 O (0.5 mL, 225 mg, 3.0 mmol) in dry CH 2 Cl 2 (60 mL) for 30 min at 0 8C. The reaction mixture was washed with water (2 50 mL) and the solvent evaporated to give diphenyl acetaldehyde (960 mg, 80 %).
Ethanolic KOH (3 n, 0.5 mL) was added dropwise over a period of 5 min to a mixture of diphenyl acetaldehyde (700 mg, 3.6 mmol) and methyl vinyl ketone (MVK, 0.3 mL, 3.7 mmol) in dry THF (30 mL) at 0 8C. The mixture was stirred for 2 h at 0 8C and then for 2 h at room temperature. Neutralization with 20 % HCl, extraction with EtOAc, and work up gave the crude product. Purification by column chromatography yielded pure 4,4-diphenyl-2-cyclohexenone (440 mg, 50 %). DDQ (908 mg, 4.0 mmol) and a catalytic amount of p-TsOH (15 mg, 0.1 mmol) was added to a solution of the above cyclohexenone (248 mg, 1.0 mmol) in 1,4-dioxane (40 mL) and the solution was refluxed for 72 h. After cooling, the reaction mixture was filtered through Celite and the filtrate was diluted with CH 2 Cl 2 and washed with 10 % NaOH solution (3 30 mL). Workup gave the crude product which was purified on a silica gel column to give pure 4,4-diphenyl-2,5-cyclohexadienone 1 (100 mg, 40 %). M.p. 120 8C. Polymorphic forms A, B, and C were crystallized by slow evaporation of a solution of 1 in 5 % EtOAc/n-hexane at ambient temperature. Three types of morphologies were observed: needle, block, and plate. Needletype crystals correspond to form A and block/plate crystals correspond to form B as confirmed by random cell-checking of different crystals. Crystallization by slow evaporation at À5 8C in a domestic refrigerator yielded form A whereas crystal growth from a saturated solution by fast evaporation at ambient temperature yielded predominantly form B. Crystals of form D were obtained from a CH 2 Cl 2 /EtOAc/n-hexane solvent mixture. In recent batches over the last 2-3 years we have not found a single crystal corresponding to form C in several random cell-checking experiments.
Pure form A: The polymorphic mixture 1 (100 mg) was heated in a test tube at~70 8C in an oil bath for 30 min and then slowly cooled to room temperature. The mixture converted to form A in > 95 % purity as confirmed by powder XRD (Figure 5 ). Table 7 . U latt of the lowest energy frame determined by the rigid-body method starting from the molecular conformation in full-body minimized frames #1-10. E conf is calculated in Spartan 04. The simulated structures of 1 are re-ranked based on the sum of the intra-and intermolecular energies, E total [kcal mol À1 ].
Frame # in fullbody method [a] Space group [b] U www.chemeurj.org Pure form B: The polymorphic mixture 1 (100 mg) was heated in the aluminium pan of a powder X-ray diffractometer until the compound melted (~120 8C). The cooled solid is form B (powder XRD in Figure 6 ), as confirmed by unit-cell matching of a few randomly picked crystals.
Differential scanning calorimetry: DSC was performed with a Mettler Toledo 822e module. Samples (4-6 mg) were placed in crimped but vented aluminium pans and heated at 10 8C min À1 from 30-200 8C. The instrument was purged with a stream of dry nitrogen at 150 mL min À1 .
Spartan 04, Gaussian 03, and Cerius 2 computations: Cerius 2 simulations and crystal energy: [26] All simulations were carried out using version 4.8 of the Cerius 2 molecular modeling software package on a Silicon Graphics workstation. Geometry optimization was carried out using density functional theory (DFT) at the B3LYP/6-31G (d,p) level of theory with Gaussian 03. [32] The global minimized rotamer of 1 from Gaussian 03 was entered as the input for the Polymorph Predictor. Crystal structure prediction was carried out in six common space groups (P2 1 , P2 1 /c, C2/c, Pbca, P2 1 2 1 2 1 , and P1). The cell parameters of predicted frames of the C2/c space group were compared with reduced cell parameters to confirm that they represent different structures. Reduced cell parameters are used throughout the paper. Atom point charges were assigned using the COMPASS force field. It was not felt necessary to calculate multipole charges because molecule 1 does not contain strong hydrogen-bonding groups. Multipole charges are known to give superior results but the advantage is more evident in strongly hydrogen-bonded structures and that too at the expense of an approximate 10-fold increase in computer time. [36] Default options were used throughout with the fine search option in Monte Carlo simulations and for the clustering of frames to obtain unique structures. Lattice-energy minimization of predicted structures was carried out without any modifications except for the use of the Ewald summation of van der Waals interactions at a cut off of 6.0 . All calculations were carried out either by relaxing the molecular conformation during the minimization, referred to as the full-body method, or by keeping the conformation fixed during minimization, the so-called rigidbody method. Full-body lattice energy minimizations were carried out even though these calculations take approximately five times more computer time because this method gives more accurate results for flexible molecules such as 1. The lattice energies of the experimental polymorphs of 1 were computed using the Cerius 2 program by energy minimization of crystal structures using DREIDING 2.21 and COMPASS force fields. Force-field charges were assigned with COMPASS and the charge equilibrium method was used with DREIDING 2.21. COMPASS is better parametrized for structure prediction and the energy of organic molecules. Crystal lattice energies were calibrated to account for the number of molecules in the unit cell (per molecule).
Spartan 04 computations:
The energies of all 19 conformers were calculated using Spartan 04 [25] with crystallographic coordinates as the input; the positions of the hydrogen atoms were reoptimized at the HF/6-31G** level of theory while keeping the heavy atoms fixed. The gas-phase conformation of 1 was obtained by global energy minimization. The gasphase rotamer of 1 calculated using Spartan 04 (t 1 = t 2 = 22.38) is very similar to the minimized conformation derived using Gaussian 03 (t 1 = t 2 = 23.88).
Variable-temperature powder X-ray diffraction: Powder X-ray data were collected with a PANlytical X'Pert PRO powder X-ray diffractometer using a parallel beam of monochromated Cu-K a radiation (l = 1.54056 ) and an X'celerator detector at 40 kV and 40 mA. Diffraction patterns were collected over the 2q range of 5-508. Samples were ground to a particle size of > 20 mm and loaded in an 18 mm alumina holder for variable-temperature powder X-ray diffraction data collection and in an aluminium sample holder with a 10 mm diameter sample cavity for the collection of data at room temperature. Vigorous grinding was avoided to minimize potential phase transitions. The program X'Pert High Score was used for the processing and comparison of powder patterns. Powder Cell 2.3 [22] was used for calculating the PXRD patterns and for the profile fitting and Rietveld refinement of unit-cell parameters, a displacement parameter, a background polynomial function, peak shape asymmetry terms, and an overall temperature factor using the known single-crystal structures of polymorphs A, B, and D as the model. Variable-temperature powder X-ray diffraction data at a heating rate of 1 8C min À1 were collected at T = 28, 39, 49, 59, 69, 79, 89, 94, 98, 102, and 105 8C. The sample was cooled to room temperature (31 8C) and data were recollected. Powder XRD profiles are plotted in the range of 2q = 10-358 for all samples. There are no significant peaks below 108 and only minor peaks between 35 and 508. Wide peaks resulting from the sample holder appear at 25.2 and 34.88.
Introduction
Polymorphism is the existence of the same chemical compound in more than one crystalline modification in the solid state. 1 After more than a century of research 2 on this historically enigmatic and now pharmaceutically important phenomenon, a proper understanding of how crystallization occurs and why certain compounds are polymorphic is still not clear. Several factors influence the crystallization of polymorphs, such as solvent, temperature, additives, and cocrystal formers. 3 McCrone's forecast 1a "that the number of forms known for a given compound is proportional to the time and money spent in research on that compound" appears prophetic today. Crystal structures of a second polymorph of aspirin, 3e benzamide, 3d and maleic acid, 3h two polymorphs of methacrylamide, 3i a third form of venlafaxine hydrochloride, 3m four polymorphs of benzidine, 3j and four new forms of oxalyl dihydrazide 3k were reported recently.
Kitaigorodskii 4 stated that molecular crystals are organized in the most efficient use of space, such that bumps fit into hollows, with an average packing coefficient of 0.72 for aromatic and hydrocarbon-like molecules (typical range 0.65-0.77 for organic crystals). Etter 5 postulated hydrogen-bonding rules, and Desiraju 6 advocates supramolecular synthons to understand how molecules organize via energetically favored patterns of hydrogen bonds and robust synthons. 7 Whenever hydrogenbonding functional groups are available in a molecule, they are used in molecular recognition and self-assembly for crystallization. 8 The lack of or incomplete use of H bond donors/ acceptors in a crystal structure attracted special mention. 9 Recent papers 10 suggest the following model of crystallization for polymorphs: the kinetic crystal nucleates faster via a lower activation energy pathway compared to the thermodynamic form which is more stable but it should cross over a higher energy barrier. Naturally, if the kinetically favored form is also more stable then polymorphism is unlikely. Desiraju 11 likened crystallization to a supramolecular reaction leading to kinetic and thermodynamic products (polymorphs) through Curtin-Hammett like reaction kinetics. Are there examples of molecules containing H-bonding functional groups that crystallize in a hydrogen-bonded form (kinetic) and another close-packed, dense polymorph (stable)? Such crystal structures would be ideal test cases to understand kinetic-thermodynamic factors in polymorph crystallization. 12 Polymorphs that differ in the nature of H bond synthon or molecular conformation or overall packing features are well documented, 3 but it is quite rare to find a hydrogen-bonded crystal structure and another close-packed polymorph without strong H bonds. This paper deals with crystal structures in the latter uncommon category.
Results and Discussion
A search of the Cambridge Structural Database 13 showed that there are 93 crystal structures in the "polymorph/form/modification/morph" category that contain OH/NH groups but these donors are not used in H bonding, either due to steric congestion or because of a less electronegative acceptor (see Table S1 for CSD refcodes). Of these 93 structures, a second polymorph with conventional H bonds was found in only four cases (Scheme 1)s KUVWON, 14a MAMGUD, 14b,c UCUGOP, 14d and WEFKEY. 14e There are two examples of an O-H‚‚‚O or N-H‚‚‚N hydrogen bond in one structure compared to weaker O-H‚‚‚π 14a or N-H‚‚‚π 14d interaction in another form, whereas in two remaining cases O-H‚‚‚N/N-H‚‚‚O H bond is present in one structure but absent in the second form. 14b,c,e These latter two examples were reported during the course of our experiments, but kinetic/thermodynamic and crystal lattice energy relations of H-bonded vs non-H-bonded polymorphs were not discussed. Price and co-workers 15 computationally studied alloxan, an archetype amide with no conventional N-H‚‚‚O hydrogen bonds in its crystal structure. Even though computer-predicted hydrogen-bonded forms of alloxan lie in the energy range for polymorphs (about 10 frames within 1 kcal mol -1 ), no experi- mental H-bonded polymorph of alloxan is known. In the above background, we report the title polymorphic system 2 wherein an N-H‚‚‚OdS hydrogen bond dimer is present in the crystal structure of form 1, whereas form 3 is stabilized by close packing to the exclusion of H bonds. The classification of polymorphs in H-bonded or non-H-bonded category is based on strong, conventional H bonds, i.e., O-H‚‚‚O, N-H‚‚‚O, and O-H‚‚‚N with energy of 5-10 kcal mol -1 . 16 Weaker C-H‚‚‚O and N-H‚‚‚π interactions are discussed in the crystal structure analysis. Bis(p-tolyl) ketone p-tosylhydrazone (2) (Scheme 2) was taken up for polymorphism studies for the following reasons.
(1) It contains the pharmaceutically important SO 2 NH group. ( 2) The molecular structure can be independently varied at Ar-SO 2 and Ar-C-Ar portions to give several closely related analogues. (3) Acetone tosylhydrazone (1) exhibits conformational dimorphism. 17 The last point suggested a molecular engineering approach to polymorph clusters. For example, hydroquinone and 4,4′-terphenyldiol make a phenylogueextended series of polymorphs, 18 leading to the thought that acetone and tolyl ketone hydrazones 1 and 2 may give another phenylogue-related polymorph cluster. Similarity in hydrogen bonding and packing motifs of closely related molecules (e.g., homologues, cis-trans isomers, stereoisomers, cycloalkene/ cycloalkane analogs) is termed morphotropism. 19 However, phenyl extension of molecular structure leading to polymorphism and isostructurality is not studied, except one example. 18 Interestingly, molecule 2 afforded three polymorphs in the following sequence: it crystallized as form 1 (space group C2/ c) having an SO 2 NH‚‚‚OdS dimer and two additional polymorphs (forms 2 and 3 in space group C2/c and P2 1 /c) wherein the NH donor surprisingly does not engage in N-H‚‚‚O hydrogen bonds with the SO 2 acceptor.
The sulfonamide functional group is present in sulfa drugs which have a high propensity for polymorphism (ca. 50%) and pseudopolymorphism (over 100 solvates of sulfathiazole). 3f,20 Two self-complementary hydrogen bond synthons of the SO 2 NH group are bimolecular dimer and extended catemer of graph set notation R 2 2 (8) and C(4). 21 The occurrence probability 7a of dimer and catemer synthons was estimated as 16.1% and 18.5% (Scheme 3) among 1266 accurately determined organic sulfonamide hits in the CSD. 13 Polymorphism in sulfonamides typically involves the NH donor approaching the SdO group or another competing acceptor, such as carbonyl CdO, ether/ alcohol C-O, or pyridine N. Alternatively, molecules may be assembled via the same H bond synthon but they exist in different conformations. These situations are classified as synthon polymorphism 10a (different H bond motifs), conformational polymorphism 22 (different conformations in different structures), and packing polymorphism 10d (differences in crystal packing but similar conformation/synthon). There is no example of polymorphic sulfonamides that differ by the presence of N-H‚‚‚O/N hydrogen bonds in one crystal structure and absence of H bonding in another form.
Conformational Polymorphs of 2. Crystallization of 2 from EtOH/CH 2 Cl 2 afforded single crystals for X-ray diffraction.
Structure solution and refinement in C2/c space group (Table  1) showed the expected SO 2 NH dimer synthon (N-H‚‚‚O: 1.99 Å, 159°, Table 2 ). The phenyl CH donors connect molecular aggregates (Figure 1 ) via C-H‚‚‚O and C-H‚‚‚π interactions (2.45, 2.53 Å). Solvent-drop grinding (or kneading) is a recent method in polymorph screens 23 because of its good success rate in giving new polymorphs. Grinding 2 with a few drops of CH 2 Cl 2 and using the microcrystalline powder as seed afforded single crystals of form 2 in C2/c space group. We obtained twinned crystals despite several attempts, and the best of these was mounted on the goniometer for X-ray data collection. Crystal structure solution (using CELL_NOW and TWINABS; see Experimental Section) showed an unexpected result. The strong NH donor is not involved in H bonding up to H‚‚‚O < 3.0 Å, but SO 2 acceptors are connected to CH donors in normal C-H‚‚‚O interactions of <2.7 Å. A third modification, form 3, was discovered upon crystallizing compound 2 from EtOH (P2 1 /c space group). Once again, the sulfonamide NH donor does not engage in N-H‚‚‚O bond or N-H‚‚‚π interaction.
There is a two-point C-H‚‚‚O motif from phenyl CH donors to SO 2 group (∼2.5 Å), but there are no short contacts between molecules aligned along the monoclinic b-axis ()39.76 Å).
Crystal forms 2 and 3 have similar molecular packing in the monoclinic crystal system, but both structures are devoid of N-H‚‚‚O bonds (Figures 2 and 3) . C-H‚‚‚O interactions are identified in all three forms (Table 2 ). Density and packing fraction of the H-bonded structure 1 is lower than form 2, and form 3 has the highest crystal density (packing fraction 64.6, 64.7, 67.9%; density 1.240, 1.242, 1.295 g cm -3 ). The tolyl rings are better eclipsed and consequently more efficiently closepacked in crystal form 3 compared to 2 (Figure 4 ). There is one symmetry-independent molecule in the unit cell of each polymorph, but the flexible molecule adopts a different conformation in each crystal structure; i.e., forms 1-3 are conformational polymorphs ( Figure 5 ). The bulk purity of polymorphic solids 1 and 3 was judged to be good by comparison of their experimental powder X-ray diffraction pattern with that calculated from the X-ray structure ( Figure S1 ). After isolation of form 3, we were unable to recover 
100 (2) 298 (2) 298 (2) 100 (2) 24 Interconversion and stability of forms 1-3 was examined by differential scanning calorimetry (Figure 6 ). Form 1 melts at 142-143°C, and the minor endotherm at 159°C is assigned to concomitantly grown form 3. Form 2 undergoes phase transition at ∼140°C followed by melting at 157-158°C. Form 3 has a flat baseline and melts in a clear endotherm at 159-160°C with no evidence of any other phase change. Melting point of form 3 is higher than that of form 1 by 17°C. These thermal transformations and melting phenomenon were visualized in hot stage microscopy ( Figure  7) .
Phase transition of form 2 to 3 upon heating may be understood from their crystal packing diagrams. Tolyl rings of a cluster of four molecules are arranged in a herringbone T-motif in both crystal structures (Figures 2 and 3) . These interdigitating tolyl groups are farther apart in form 2 and move closer in the crystal lattice of 3 with a decrease in inter-ring distance and c-axis (Figure 4) . A C-H‚‚‚O interaction of 2.47 Å in form 3 is longer in form 2 (2.56 Å, Table 2 ). The similarity between the monoclinic unit cells of crystal structures 2 and 3 is shown in Figure S2 . A molecular reorganization pathway for metastable form 2 to thermodynamic form 3 is suggested, but it is difficult to imagine a mechanism for the transformation of form 1 to 3 because their H bonding, molecular arrangement, and crystal structures are very different. We did not observe transformation of form 1 to 3 in thermal microscopy.
Crystal energies were estimated by calculating the lattice energy (U latt ) in Cerius 2 using a COMPASS force field, and the molecular conformation energy (E conf ) was computed in Gaussian 03 at the B3LYP/6-31G(d,p) level. 25 Energy values in Table 3 are consistent with the observed kinetic, metastable, and thermodynamic state of polymorphs 1-3. The sulfonamide molecule is flexible and has different torsion angles in the benzophenone and tosyl portions of the molecule ( Figure 5 ). Energy differences between molecular conformers and crystal lattice energy are of comparable magnitude (a few kcal mol -1 , ∆E conf and ∆U latt columns in Table 3 ), and so their cumulative effect must be considered to compute total crystal energies (E total ). 22b The necessity of taking molecular conformer stabilization (or destabilization) into account for computing crystal energy is underscored by the fact that ∆E total rankings match with thermal measurements and phase relation but not the ∆U latt order. Form 3 is the most stable polymorph (thermodynamic), form 1 is higher in energy by 2.54 kcal mol -1 (kinetic), and form 2 has very high relative energy of 7.86 kcal mol -1 (metastable, disappeared) based on ∆E total . The energy difference of ∼2.5 kcal mol -1 between forms 1 and 3 is typical for polymorphs. The reason for the disappearing and metastable nature of crystal form 2 is its high-energy conformer in the crystal lattice. ∆U latt energies do not agree with experimental data.
The major variation in conformers of 2 (as well as other derivatives discussed next) occurs in the N-N-S-C phenyl moiety (τ 1 ) 60-70°); variation in N-N-C-C phenyl torsions is minimal (∆τ 2 , ∆τ 3 <4°) with respect to the global minimum rotamer. The conformer energy vs torsion angle profile of 2 was therefore plotted by varying τ 1 while τ 2 and τ 3 were held constant (Figure 8 ). Simultaneous phenyl ring rotations to give several rotamers were not considered because for reasons of computational complexity. Moreover, this study is concerned with aryl group orientation around the SO 2 NH functional group. Molecular conformations in observed polymorphs of 2 ( Table  2 ) lie close to the global minimum rotamer at τ 1 ) 60°, within 10°torsion angle and 5 kcal mol -1 energy range. The energy penalty of this value can be easily compensated by crystal structure stabilization due to stronger hydrogen bonds and better close packing. The significant torsion angle (τ 1 ) in form 1 of tolyl compound 2 is similar to monoclinic form II of acetone hydrazone 1 (65.9, 64.5°, respectively), and these phenyloguerelated crystal structures contain N-H‚‚‚OdS dimer synthon anticipated at the beginning of this study (Scheme 2). However, the occurrence of non-H-bonded polymorphs in 2 came as a surprise. Why does molecule 2 not make strong H bonds in its stable polymorph despite the SO 2 NH group? The sulfonamide NH donor is not involved in conventional H bonding with an O/N/ X -acceptor in only 28/1266 crystal structures (frequency data in Scheme 3; see Figure S3 for molecular diagrams). A summary of the structural analysis of 28 sulfonamides in the CSD with no strong H bonds is as follows: (1) They are all secondary amides. ( 2) The C atom on NH group side is secondary/tertiary in several cases. (3) The absence of strong H bonding from the NH donor is not necessarily due to a deficiency of acceptor groups because some of these molecules have additional O/N acceptors (e.g., refcodes AYEQEA, AYEQIE, IHEJEK, SI-ZLUI). Steric crowding around the donor NH will weaken H-bonding ability, but this in itself is not sufficient to explain absence of H-bonding in forms 2 and 3. There are several N-sec and even N-tert sulfonamides with normal N-H‚‚‚O H bonds Figure S2 for orientation of unit cell with respect to the molecular cluster. of 2.0-2.2 Å in the subdatabase of 1266 crystal structures (e.g., CSD refcodes ATAMOX, PELZOV, VOTZOT, PSAHPP, TIDQUS, AXAGOV). Incidentally, sulfonamide 2 could have formed a catemer motif of comparable synthon probability to the dimer, but we have not crystallized such a polymorph.
We believe that the reason for the presence of H bonding, or lack of it, in different crystal forms of 2 is related to the molecular conformation. Our hypothesis is supported in crystal structure prediction (reproduction) frames computed using the rigid body method starting from the experimental conformation as the input 22b (Cerius, 2 COMPASS). 25 The idea of keeping the conformation fixed during structure simulation and energy minimization was to compare several putative crystal structures built from a particular conformer. Crystal structures were predicted starting from experimental conformers 1-3 in six common space groups (P2 1 /c, P1 h, C2/c, Pbca, P2 1 2 1 2 1 , and P2 1 ), which include the observed space groups. The 10 lowest energy structures were analyzed, and the most stable predicted frame in the observed space group was compared with the experimental crystal structure (Table 4 ). The starting molecular conformer appears to implant its signature in the crystal structure. Superposition of nearest-neighbor molecules in the experimental crystal structure and the lowest energy predicted frame (designated as no. 1) in the appropriate space group show good similarity and overlay for all three polymorphs of 2 ( Figure 9 ). The next best energy frames (second, third, etc.) have higher lattice energy by as much as 2 kcal mol -1 in each case. To further ascertain that molecular conformation is important in giving stable H-bonded clusters, the energy of the N-H‚‚‚Od S dimer was computed for rotamers of 2 in Spartan 04 (RHF/ 6-31G**): 25 conformer 1 ) -10.59 kcal mol -1 ; conformer 2 ) +6.31 kcal mol -1 ; conformer 3 ) -6.99 kcal mol -1 . Thus, conformer 1 favors H-bonded dimer as the nucleating aggregate compared to conformer 3 whereas conformer 2 is highly disfavored. The increasingly destabilizing nature of the H-bond dimer structures for conformers 3 and 2 was also revealed in polymorph predictor frames. 26 There is no low-energy H-bond dimer structure predicted for conformer 2 up to 5 kcal mol -1 , and dimer type structures of conformer 3 are ∼4 kcal mol -1 higher in energy than the minimized close packed structure listed in Table 4 . Selecting the right molecular conformation in predicting the correct crystal structure of a conformationally flexible molecule is an important step. 22b, 27 Curtin-Hammett Energy Profile. The above situations namely, a metastable, kinetic form and another stable, thermodynamic polymorph, the metastable crystal arising from a stable conformer while the thermodynamic crystal arising from a metastable conformer, with strong H bonding favoring the kinetic crystal whereas close packing stabilizing the thermodynamic crystal and a rapid equilibrium between low energy conformers in solutionsis reminiscent of the Curtin-Hammett principle. 28 Curtin 28a and Hammett stated that the product distribution in a reaction does not depend on the energy of the products but on how fast they form. Second, if a fast preequilibrium of conformers precedes a high-energy step, then the product distribution does not depend on the relative amounts of conformations in solution but on the activation energy required to form the product. The chemical events from molecular conformers to polymorphs 1 and 3 are depicted in the free energy vs crystallization pathway (Figure 10 ). The analogy to Curtin-Hammett-like reaction kinetics is justified because kinetic factors are deemed to be important in the crystallization of polymorphs. 10, 11 Computed energy (differences) are approximated as free energy (differences) because the contribution of entropy is difficult to estimate. A solution of molecule 2 at near-ambient temperature (∼RT ) 0.6 kcal mol -1 at 300 K) will have higher concentration of conformer 1 compared to conformers 3 and 2, in inverse relation to their ∆E conf values (Table 3) , along with several other low-lying conformations in dynamic equilibrium. The hydrogen-bonded crystal 1 will nucleate faster because there are more molecules in the required conformation and electrostatic stabilization of the H-bonded aggregate at long range (r -1 ) will lower the ∆G 1 q barrier. On the other hand, there are fewer molecules of higher energy conformer 3 and weak van der Waals dispersive interactions operate only at short range (r -6 ). 29 Thus, form 3 will nucleate slowly. The final crystal structure of form 3 is more stable than the H-bonded form 1 by 3.39 kcal mol -1 (∆U latt , Table 3) because the loss of H bond energy is more than compensated by dispersion energy in the latter, dense modification.
The Curtin-Hammett principle 28 has been invoked to explain reactivity in stereoselective reactions, asymmetric catalysis, enzyme catalysis, and photochemical transformations. 30 However, Curtin-Hammett reaction kinetics in the crystallization of conformational polymorphs and K/T relationships is not reported. 31 The present example of an H-bonded, kinetic form and a close-packed, thermodynamic polymorph illustrates two very different ways of crystal structure stabilization. Understanding the interplay of molecular conformation, H bonding and dense packing during self-assembly is a necessary step in understanding crystallization and polymorphism. It is quite likely that there are other polymorph clusters, known as well as new ones, which follow a similar pathway. Studies on the role of solvent (CH 2 Cl 2 /EtOH vs pure EtOH) in crystallization of polymorphs 1 and 3 will shed light on the nature of intermediates as crystallization progresses. For example, Davey 32 and coworkers showed by FT-IR spectroscopy that carboxylic acid dimer and catemer growth synthons in solution lead to the corresponding structural synthons in the solid state.
In addition to polymorphs 1-3, we isolated a pseudopolymorph, 33 2‚0.5CH 2 Cl 2 , from n-hexane/CH 2 Cl 2 in the P1 h space group. Square channels of aromatic walls surround CH 2 Cl 2 guest molecules in the hydrogen-bonded host structure of 2 ( Figure  11 ). Solvent loss from 2‚0.5CH 2 Cl 2 ( Figure S4 ) at 105°C in thermal gravimetry analysis is consistent with the host:guest stoichiometry. The higher melting endotherms at 141-143 and 158-160°C are due to the unsolvated form 1 and stable form 3. The loss of solvent from the host:guest crystal gives the unsolvated dimer form 1. The minor endotherm corresponding to 3 could be due to the concomitantly growing stable phase in the bulk solid. We did not observe solid-to-solid transformation of forms 1 to 3 upon heating, but crystallization of minor amounts of thermodynamic form 3 from solution cannot be ruled out.
Analogues of 2.
The para-methyl group on the benzophenone moiety of 2 was replaced with other groups, such as H, F, Cl, and Br (3-6). The iodo derivative 7 did not afford single crystals for X-ray diffraction. These compounds did not show any evidence of polymorphism under similar experimental protocols, such as crystallization from different solvents, solvent drop grinding, and using the ball-mill ground material as seeds. These structures are consistently stabilized by the sulfonamide N-H‚ ‚‚OdS dimer ( Figure 12 and Table 2 ). Chloro-and bromosulfonamides 5 and 6 crystallized as benzene solvates. Overlay of molecular conformers in these 10 crystal structures ( Figure S5 ; 3 polymorphs of 2, 3-6, and 3 solvates) shows that there is considerable variation in the orientation of pendant aryl arms as well as phenyl ring rotamers. There is a degree of similarity expected when methyl group is exchanged with a halogen or among the halogen derivatives. 34 Form 1 of tolyl compound 2 and the chloro structure 5 are isomorphous and isostructural. Solvates 5‚0.5PhH and 6‚0.5PhH exhibit similar molecular packing in their isomorphous triclinic unit cells.
Phenyl-Tolyl Exchange. In this study, tolyl derivative 2 is trimorphic whereas phenyl compound 3 is not. In another system, we noted that 4,4-diphenyl-1,5-cyclohexadienone was tetramorphic 22 but not its tolyl derivative. The occurrence of polymorphism in phenyl/tolyl pairs of crystal structures was examined (Table 5 ). There are 119 tolyl-group-containing and 958 phenyl-containing organic polymorph hits, which represent 35 and 284 different polymorphic compounds, respectively. There are only 4 cases wherein polymorphs of both phenyl and tolyl compound pairs are reported. The exact reasons why tolyl sulfonamide 2 is trimorphic but phenyl compound 3 is not polymorphic are difficult to explain. para-substitution on the phenyl rings is too distant from the SO 2 NH hydrogen-bonding region to pose serious steric problems for H bonding. The remote substitution change is unlikely to alter the inherent donor and acceptor strengths of the SO 2 NH group. Yet there is no H bonding in two out of three polymorphs of 2 suggesting that the reason is perhaps specific to tolyl hydrazone. In the stable herringbone type packing of tolyl rings in form 3, which is also present in form 2, the tolyl-SO 2 and N-tolyl rings of neighboring molecules form a sandwich dimer (Figures 2 and  3) . From packing considerations, this sandwich motif would be (Table 2) are within a 10°torsion angle and 5 kcal mol -1 energy range of the stable conformation.
Table 4. Experimental Crystal Structures and Minimum Lattice Energy Structure Predicted Using Cerius 2 Polymorph Predictor in the
Observed Space Group stabilized when substituents on the two aryl groups are of similar size, i.e., for N-tolyl/N-(chlorophenyl). Indeed, the tolyl hydrazone of p-chlorophenyl sulfonamide is dimorphic, 35 with one of its crystal structures resembling form 1 of 2.
Conclusions
The trimorph cluster of tolyl tosyl hydrazone 2 is a rare example of a molecule with SO 2 NH functional group that exhibits H-bonded and non-H-bonded type synthon polymorphism. The hydrogen-bonded and close-packed crystal structures were assigned as kinetic and thermodynamic forms respectively from structural, thermochemical, and computational data. The presence of H bonding in one polymorph and its complete absence in another form provide experimental structures as reference to compare and calibrate calculated frames in crystal structure prediction programs. Even though several close-packed, dense structures are predicted near the global energy minimum, they are seldom realized experimentally. For pharmaceutical chemists, a stable, polymorph with no strong H bonds could mean a less bioavailable polymorph than an H-bonded drug. Such polymorphs offer the potential to formulate hydrophilic and hydrophobic forms of sulfa drugs. Crystallization of polymorphs 1 and 3 from interconverting molecular conformers is shown to follow the Curtin-Hammett energy profile in a supramolecular reaction.
Experimental Section
Synthesis and Crystallization. Bis(p-tolyl) ketone p-tosylhydrazone (2) and benzophenone derivative 3-6 were synthesized 36 as shown in Scheme 4.
To a stirred solution of p-toluenesulfonyl chloride (5.0 g, 26 mmol) in 30 mL of THF was added hydrazine hydrate (2.8 g, 55 mmol) dropwise at 0°C. The reaction was continued for 30 min and the product extracted with ether to give p-toluenesulfonyl hydrazide (4.5 g, 90%). Mp: 108°C.
Bis(p-tolyl) Ketone p-Tosylhydrazone (2).
To a well-stirred solution of p-toluenesulfonyl hydrazide (1.2 g, 6.6 mmol) in 10 mL of ethanol was added an equimolar amount of 4,4′-dimethylbenzophenone (1.5 g, 6.6 mmol). The reaction mixture was refluxed for 2 h. Cooling the reaction mixture afforded crystalline bis(p-tolyl) ketone p-tosylhydrazone as precipitate. The solid was collected by filtration and washed with cold ethanol. Recrystallization from hot ethanol gave pure 2 (1.9 g, 75%). Mp: 159°C. 1 Crystallization of 2 from EtOH/CH2Cl2 at -5°C gave platelike crystals of form 1 along with a few irregular blocks (Figure S6a ). The plate morphology corresponds to form 1 as confirmed by unit cell checking. The irregular blocks are concomitantly growing form 3. There are also a few 2·0.5CH 2Cl2 solvate crystals (see next) in the same batch.
Grinding compound 2 with a few drops of CH2Cl2 added (kneading) and using the microcrystalline powder as seeds for crystallization from the same solvent at ambient temperature afforded very thin crystals of form 2 along with block crystals of form 3 ( Figure S6b ). Pure form 3 crystals of block and plate morphology crystallized by slow evaporation of a solution of compound 2 from EtOH at ambient temperature ( Figure S6c) .
Crystallization of 2 from CH2Cl2/n-hexane at ambient temperature gave platelike unstable crystals that became opaque within 1 day. Immediate data collection on a single crystal showed it as 2·0.5CH 2-Cl2. The same solvated crystals were obtained concomitantly with form 1 also (unit cell check), but crystal quality is better by this method.
Crystallization of 3-6. Compound 3-5 were crystallized from the EtOH at ambient temperature. Compound 6 was crystallized from MeCN at ambient temperature. Iodo compound 7 did not afford single crystals or material suitable for powder XRD.
Solvates 5‚0.5PhH and 6‚0.5PhH crystallized from 1:1 EtOH/benzene mixture at ambient temperature.
X-ray Crystallography. Reflections were collected on Apex Bruker SMART CCD X-ray diffractometer. Crystal structures were solved using direct methods and refined by full-matrix least-squares refinement on F 2 with anisotropic displacement parameters for non-H atoms in SHELX-TL. 37 H atoms were refined isotropically except for N-H groups, which were located in the difference Fourier maps. The structure of twinned form 2 crystal was solved using CELL_NOW 38 (for p4p files) and TWINABS 39 (for hkl files). A new p4p file was created after thresholding the frames. This new p4p file when executed in CELL_NOW gave two different p4p files. The second file contains information about two orientation matrices. Data reduction were carried out in SAINT 40 using the second p4p file as input. Absorption correction was done by TWINABS to get two sets of hkl files, hkl4 and hkl5. Structure solution was carried out in XPREP by using hkl4 file, and refinement was executed on hkl5 file in SHELX-TL. Crystallographic parameters and final R-factors are acceptable for all structures.
Gaussian 03, Spartan 04, and Cerius 2 Computations. Conformational energy (Econf) of the three polymophs 2 was calculated using Figure 10 . Curtin-Hammett principle in the crystallization of conformational polymorphs 1 and 3. Energy difference between conformers, ∆Gconf ∼ 1-2 kcal mol -1 , is less than the activation energy barrier for crystallization, ∆G q , which involves breaking of solute-solvent aggregates and formation of solute-solute nuclei. Free energy differences are estimated from computed conformer and lattice energies. Tolyl Group Containing Polymorphic Structures ) 119 both tolyl and phenyl are polymorphic 4 tolyl is polymorphic but phenyl is not polymorphic 12 tolyl is polymorphic but phenyl structure is not reported 19
Phenyl Group Containing Polymorphic Structures ) 958 both phenyl and tolyl are polymorphic 2 phenyl is polymorphic but tolyl is not polymorphic 31 phenyl is polymorphic but tolyl structure is not reported 249
Refcodes of Four Phenyl-Tolyl Polymorph Pairs PHENOL CRESOL UJIRIO EBIDUP FEVNAV BPHENO NEDZEB NEDYUQ density functional theory (DFT) at the B3LYP/6-31G (d,p) level in Gaussian 03 using crystallographic coordinates as the input. Hydrogen atom positions were reoptimized keeping the heavy atoms fixed. The gas-phase rotamer of 2 was calculated, and a potential energy scan was carried out in 5°torsion angle intervals at the B3LYP/6-31G(d,p) level in Gaussian 03. Lattice energies were computed for experimental polymorphs of 2 in the Cerius 2 program by energy minimization of crystal structures in COMPASS assigned with force field charges. COMPASS is better parametrized for structure prediction and energy minimization for a broad range of organic molecules. Crystal lattice energies are calibrated for the number of molecules in the unit cell (per molecule).
All simulations were carried out in version 4.8 of Cerius 2 molecular modeling environment running on a Silicon Graphics workstation. The crystal structure prediction of 2 was carried out in six common space groups (P2 1, P21/c, C2/c, Pbca, P212121, P1 h) using experimental conformers of three forms as the input. Atomic point charges were assigned in the COMPASS force field. Default options were used throughout with the fine search option in Monte Carlo simulation and for clustering of frames to get unique structures. Lattice energy minimization of predicted structures was carried out without any modifications except for the use of Ewald summation of van der Waals interactions at cutoff of 6.0 Å. All calculations were carried out by keeping the conformation fixed during minimization (rigid body method). The predicted frames (.res files) and crystal structures (.cif files) may be visualized in Mercury. Overlay diagrams in Figure 9 were created in COSET. These programs are developed and distributed by the CCDC. 13 Hydrogen bond dimer energies for conformers 1-3 were calculated in Spartan 04 by extracting the dimer from the crystal structure of form 1 and minimizing its energy by keeping the heavy-atom positions fixed but optimizing H atom positions. Similarly, the energy of the dimer was calculated using molecular conformers 2 and 3 as the input. The energy of the molecule in each conformation was calculated independently in RHF 6-31G**.
Cambridge Structural Database Searches. Synthon Probability. The CSD (ConQuest 1.9, Nov 2006 update) was searched for sulfonamide compounds with the following qualifiers: organic; R < 0.10; 3-D coordinates determined; no errors; not polymeric. The subdatabase of 1266 hits was analyzed for hydrogen bond synthons shown in Scheme 3 in the following distance/angle range: H‚‚‚A, 1.5-2.5 Å; D-H‚‚‚A, 140-180°. Synthon probability is the number of hits containing a particular motif as a percentage of compounds that contain the required functional group (1266), as reported by Allen et al. 7a Polymorph Subdatabase. Polymorphs are those crystal structures having the qualifier polymorph, form, phase, or modification. Organic structures with R-factor <0.10 and 3-D coordinates determined were retrieved. The procedure is similar to a recent survey. 22b This subset was searched for molecules containing the O-H or N-H group. Ionic, polymeric, disordered structures were excluded to make a subdatabase of 1868 hits. These structures were searched for the absence of strong O-H‚‚‚O, O-H‚‚‚N, N-H‚‚‚O, and N-H‚‚‚N hydrogen bonds (D-H‚‚‚A) using the following contact criteria: H‚‚‚A ) 1.5-2.5 Å; D-H‚‚‚A ) 120-180°; D‚‚‚A ) 2.5-3.5 Å. The 93 polymorphic refcodes have no strong H bonds but contain OH/NH groups. These 93 clusters were manually analyzed to give 4 clusters such that one crystal structure has strong H bonds but the other form does not have H bonds. These four refcodes are KUVWON, MAMGUD, UCUGOP, and WEFKEY (Scheme 1).
Differential Scanning Calorimetry and Thermogravimetry. DSC was performed on a Mettler Toledo DSC 822e module, and TG, on a TGA/SDTA 851e module. Data were manipulated in the STAR software system. Samples were placed in crimped but vented aluminum pans for DSC (4-6 mg) and in open alumina cups for TG (8-12 mg) . The temperature range was 30-250°C at 2°C min -1 for DSC and at 10°C min -1 for TG. Samples were purged by a stream of dry N2 flowing at 150 mL min -1 for DSC and 50 mL min -1 for TG. Hot Stage Microscopy. HSM was performed on PolythermA hot stage and Heiztisch microscope supplied by Wagner & Munz. Moticam 1000 (1.3MP) camera supported by software Motic Image Plus 2.0ML was used to record images. About 1-2 mg of the sample was heated at 5°C min -1 up to ∼200°C.
Scheme 4. Compound 2 Prepared by the Condensation of p-Tosylhydrazine with Bis(p-tolyl) Ketone a
a Derivatives 3-7 were prepared in a similar manner. 36
Introduction
Venlafaxine, (()-1-[2(dimethylamino)-1-(4-methoxyphenyl)ethyl]cyclohexanol, belongs to the class of antidepressant drugs that act by inhibiting the reuptake of norepinephrine and serotonin in the brain (serotoninnorepinephrine reuptake inhibitor, SNRI). 1 This free base is widely used in pharmaceutical formulations as the salt, venlafaxine hydrochloride (VenHCl), sold under the trade name Effexor XR. This extended release capsule is indicated in the treatment of generalized anxiety disorder (GAD). Venlafaxine hydrochloride is a widely prescribed antidepressant drug with sales of US $3.7 billion per annum. Some popular serotoninenhancing antidepressant drugs are listed in Table 1 .
Racemic VenHCl is known to exist in at least five different polymorphic/pseudopolymorphic forms in the patent literature. 2 Two crystalline polymorphic modifications of the drug are the most studied forms (1 and 2). There are also hydrate/alcoholate forms (H 2 O/MeOH/ EtOH/i-PrOH), DMF/DMSO solvated forms, and a phase obtained from the melt. The chronology of VenHCl synthesis and the appearance of its polymorphs are summarized in Table 2 . Polymorphs of VenHCl have been given different names (e.g., 1, 2, 3, A, B, C, etc.), some of which are overlapping forms. We use the terminology forms 1-5 for the five polymorphs of VenHCl in this paper. One of the reasons for initiating the present thermal analysis was that differential scanning calorimetry (DSC) experiments of VenHCl in various patents do not show consistently matching endotherm peaks for melting. For example, different melting points are reported for forms 1 and 2, and the thermodynamically stable form is different depending on the patent report (see entries 2, 3, and 5 in Table 2 ).
Polymorphism may be defined as the ability of a substance to exist in two or more crystalline phases that have different arrangements and/or conformations of molecules in the solid state. 3 Polymorphs are relatively common in pharmaceutical solids. Polymorphism is of great current interest because different modifications can have different physical and chemical properties such as melting point, particle size, stability, tableting, * To whom correspondence should be addressed. Tele-fax: (+91) 40 2301 1338; E-mail: ashwini_nangia@rediffmail.com. † This paper is dedicated to my teacher Prof. J. Michael McBride on his 65th birthday. bioavailability, dissolution rates, pharmacological activity, and side effects. 4 It is therefore important to produce active pharmaceutical ingredients (APIs) in pure, crystalline form to enable formulation of drug substances in accordance with exacting Food and Drug Administration (FDA) specifications. Thermochemical transformations of existing forms must be properly understood, and new forms must have good stability/solubility characteristics. In this background, we studied the thermal behavior of VenHCl polymorphs to better understand phase transitions and transformations, melting endotherms, degradation, and hydration/dehydration of this drug substance. 
Results and Discussion
Venlafaxine hydrochloride was prepared using the procedure of Yardley et al. 1 VenHCl form 1 and 2 were crystallized from hot i-PrOH (see Experimental Section). 2g DSC thermograms of forms 1 and 2 were recorded at heating rate of 2 K/min (Figure 1) . Form 1 shows a major endotherm at 210-211°C and a minor peak at 214-215°C. Form 2 shows endotherms at about the same temperature (208-209, 215-216°C, within 2°C of form 1), but the size of peaks is reversed: the first endotherm is large in form 1, but the second endotherm is large in form 2. Enthalpy changes in the thermal events are listed in Table 3 . There is a broad endotherm at 220-260°C. Thermograms for forms 1 and 2 ( Figure  1 ) are different from DSCs reported for polymorphs 1 and 2 in patents, 2b,f which show only one major, sharp peak (see Figure S1 , Supporting Information). 7 That we are dealing with pure phases 1 and 2 was confirmed by matching the powder X-ray diffraction (XRD) of our samples with their simulated powder XRDs 8 ( Figure 2 ). X-ray diffraction on single crystals of forms 1 and 2 (Figure 3 ), obtained from MeCN/DMF and EtOAc/ MeOH, have unit cell parameters identical to the orthorhombic and monoclinic forms (see Experimental Section). Furthermore, the DSC profile of powder samples is identical to the thermal behavior of single crystals (Figure 1 ). Polymorphs 1 and 2 are quite stable and exhibit identical DSCs after one year of storage. When DSCs were recorded at scan rate of 10 K/min (instead of 2 K/min), the peaks are broader and, interestingly, the small endotherm at 215-216°C in form 1 is barely visible ( Figure S2 , Supporting Information). Armed with the knowledge that our polymorphic samples 1 and 2 are pure, uncontaminated and stable, we analyzed the peaks in each thermogram below 220°C. All subsequent measurements were carried out on powder samples. That the major endotherm in form 1 at 210-211°C is due to melting was verified by recording its melting point on a Fisher-Johns apparatus (210-212°C) and observing the phase transition under a hot stage microscope (209-210°C). The minor endotherm at 214-215°C is due to phase transformation. In DSC of polymorph 2, the endotherm at 208-210°C is melting [mp 212-213°C, hot stage microscopy (HSM) 208-209°C] after which there is an exo-endo peak. The exotherm is possibly due to solidification/crystallization of melted form 2. The newly transformed solid melts at 215-216°C. The endotherm at lower temperature in both forms (T peak 210-211°C) is ascribed to melting. The similarity in melting points of forms 1 and 2 may be rationalized from the hydrogen bonding and molecular packing in their crystal structures. Translation-related molecules are connected by O-H‚‚‚Cl -and N + -H‚‚‚Cl -hydrogen bonds in both structures except that this motif is along [010] in form 1 and along [100] in form 2 (Figure 4) . Hydrophobic groups close pack to complete the crystal structure with packing fraction of 65.9 and 66.7%, respectively. Correlation of the melting point with crystal packing is difficult because melting is a complex phenomenon that depends both on the enthalpy and entropy of fusion. We have analyzed the enthalpy contribution and assume that the entropy component is similar in both polymorphs.
When TGAs were recorded on forms 1 and 2, there is complete weight loss in the range 220-260°C (Figure  5a,b) . The weight change could be due to decomposition or vaporization of solid in the post-melting phase. Thermal gravimetry-infrared (TG-IR) spectroscopy is a quantitative technique for the characterization and analysis of evolved gases. 9 In this method, the evolved gas from the TG instrument is transferred through a heated transfer line to the FT-IR spectrometer for analysis of its vibration-rotation spectrum. TG-IR of VenHCl forms 1 and 2 show identical infrared spectra Figure 1 . DSC thermograms of bulk powder samples (form 1, black) and (form 2, red) are identical to the thermal profile of orthorhombic Pca21 (green) and monoclinic P21/n (blue) single crystals, respectively. Heating rate is 2 K/min. Tonset, Tpeak, and enthalpy change for each endotherm (V) are quantified in Figure 5 . ( Figure 5c ): a broad peak at 3250 cm -1 (OH, NH), an intense peak at 2950 cm -1 (aromatic CH), as well as peaks at 1550 cm -1 (aromatic CdC) and 1250 cm -1 (C-N/C-O stretch). This means that VenHCl vapor is evolved after the phase change at 214-216°C (peak 2 in Figure 5a ,b) in both forms, a phenomenon that is concomitant with sublimation of the solid during the broad endotherm peak 3 at 220-260°C. The novel form 5 of VenHCl obtained by sublimation and analysis of its vapor phase by FT-IR spectroscopy is not reported in the extensive patent literature on this drug compound. 2 Raman spectroscopy is yet another technique to study multi-polymorphic systems. 10 The presence of two endotherms at 210-220°C raises several possibilities. (1) Is the first endotherm due to melting and the second peak for phase transition, or vice versa? (2) Is the endo-exo peak 11 in form 2 a meltingcrystallization phenomenon? (3) Which polymorph is more stable? Do they interconvert or transform to a new, different phase? DSCs of forms 1 and 2 were scrutinized to better understand these thermal events. Form 1 was heated @ 2 K/min up to 212°C, a temperature that is just after the major endotherm peak 1 but before the small peak 2 (see Figure 5a for peak numbering). Then the sample was cooled to room temperature @ 5 K/min in the DSC cell. Reheating @ 2 K/min shows a broad endotherm centered at 212°C, which means that the solid is still form 1, not a transformed product. The exotherm at 195°C in the cooling cycle is solidification/ crystallization of melted form 1. Therefore, the peak at 210-212°C in Figure 6a is a melting endotherm and not a phase transition. When the same procedure was repeated up to 219°C, just past the small peak 2, DSC of reheated form 1 is very different. There is a broad exotherm at 110°C and an endotherm at 200°C. The exotherm corresponds to solidification of the transformed phase 3, which is matched with the solid obtained by melting VenHCl based on the endotherm at 200°C. Thus, form 1 undergoes phase transformation to form 3 upon heating to 218-219°C, the phase obtained by melting (see next). In a similar procedure, form 2 was heated in DSC @ 2 K/min up to the endoexo peak at 213°C (peak 1) and then cooled to room temperature @ 5 K/min. The cooling curve is flat, which means that resolidification of form 2 at the 213°C exotherm is correctly assigned (Figure 6b ). Reheating @ 2 K/min shows a sharp endotherm at 218-220°C that corresponds to melting of form 5, the phase obtained by sublimation (see next). Upon heating form 2 beyond the second endotherm to 220°C (peak 2), cooling to room temperature, and then reheating shows different peaks. Now, the DSC shows solidification at ∼150°C and endotherm peaks that resemble form 3. The heat-coolheat thermograms show that forms 1 and 2 first melt and then phase transform to different solid modifications in the temperature range 210-220°C. There is no evidence of interconversion between forms 1 and 2. Differences in heating rate can induce crystallization/ phase transition of the solid, and this could be a possible reason our DSCs recorded at a slow scan rate show more peaks compared to those recorded at a faster speed.
Powdered samples of form 1 and 2 were gradually heated to 215°C over 30 min to melt the solid and then slowly cooled to room temperature. DSC of the resulting solid (form 3) shows a single broad peak at 204°C for melting followed by sublimation (220-260°C). A hydrate form of VenHCl (polymorph 4) is obtained upon crystallization from MeOH/EtOH, which possibly contains a mixture of water and solvent. This solvated form loses water/alcohol at 70-80°C and melts at 219-220°C
. DSC and powder XRD of forms 3 and 4 are in good agreement with literature values 2 ( Figures S5 and S6 , Supporting Information).
VenHCl was sublimed at reduced pressure (0.2 Torr, ∼160°C). An amorphous, semisolid material hangs from the coldfinger (Figure 7a ). This glassy mass is difficult to handle, but it can be immediately transferred to a glass plate (Figure 7b ) as liquidlike droplets. DSC of the sublimed semisolid shows crystallization at 95-100°C (exotherm) followed by melting at 216-218°C (endotherm) and a broad endotherm at 220-260°C for vaporization/sublimation (Figure 8a ). Since DSC of the phase from sublimation in Figure 8 is different from that of forms 1-4 and it is obtained under very different experimental conditions, this new form of VenHCl is named form 5. Complete characterization of form 5 is difficult because of its transient, semisolid nature. It transforms to form 1 under inert N 2 atmosphere in a few hours up to a day (Figure 8b ). When the sublimed Figure 5a ) @ 2 K/min, cooling back to room temperature @ 5 K/min, and then reheating to 300°C @ 2 K/min. The exotherm at 195°C is due to solidification of melted form 1, which shows reversible melting at the same temperature as a broad endotherm in the heating cycle. DSC of heating form 1 up to 219°C (after peak 2 of Figure 5a ), cooling to room temperature, and reheating to 300°C is shown in the black curve. The exotherm at 110°C is due to solidification of the transformed phase and the broad endotherm at 200°C is melting of form 3. The exotherms at 220-260°C are due to decomposition. (b) Heating form 2 up to 213°C, just beyond the endo-exo melting-solidification peak 1 of Figure 5b , then cooling back to room temperature, and reheating to 300°C (red curve). Form 2 transforms to form 5, the phase from sublimation, which shows melting endotherm at 218°C. Heating form 2 up to 220°C, just beyond exo-endo peak 2, then cooling back to room temperature and reheating to 300°C is shown in the black curve. The exotherm at 155°C is solidification of form 3 (phase by melting) based on the endotherm at 200°C in the reheating curve.
material is left in open air for 1 day (25-30°C, RH 40-50%), it turns to hydrate form 4 ( Figure 9 ).
In light of the above results, the controlled heatcool-heat DSC experiments of Figure 6 may be interpreted as follows. Heating form 1 to 219°C, beyond the higher temperature small endotherm, results in transformation to form 3, as shown by the solidification exotherm at 110°C and melting endotherm at 200°C in Figure 6a . Form 2 transforms to form 5, which shows a sharp melting endotherm at 218-219°C when it is heated to 213°C just after the endo-exo peak (Figure 6b ). Our interpretation is that form 2 completely transforms to sublimation form 5. On the other hand, part of form 1 converts to form 3 and the balance to form 5, and the latter vaporizes on further heating. Careful examination of the intensity and duration of FT-IR peaks in the 220-260°C range of TG measurements (see 3D spectra in Figure S4 , Supporting Information) shows more intense vibration maxima for form 2 than for form 1. It is clear that the phase from sublimation (form 5) does not have an indefinite lifetime; once it is formed, heating must be continued to evolve the vapor.
Morphological and phase changes in form 1 and 2 and the thermal events leading to sublimation of form 5 were studied by HSM. Photomicrographs in Figures 10  and 11 show snapshots of the transformation of both solids to form 5. While the extent of vaporization is almost complete when starting from form 2, it is partial in case of form 1. The HSM measurements confirm our interpretations of DSC thermograms in Figure 6 and the existence of transient, glassy phase form 5.
The two main polymorphs of VenHCl used in drug formulations are forms 1 and 2. Which is the kinetic form and which is the thermodynamic one? Melting points of these forms are nearly the same (in the range 210-213°C on Fisher-Johns and 208-210°C from HSM), although form 1 has 1°C higher T onset and T peak values than form 2 (Table 3, Figures 6, 10, and 11 ). It is difficult to accurately measure the correct melting point because of a (1°C variation depending on the method used (T onset or T peak in DSC, visual observation of melting in HSM). We use crystal density and lattice energy as a guide for polymorph stability (Table 4) . Crystal lattice energy (Cerius 2 , Compass force field) of form 2 (P2 1 /n) is lower than form 1 (Pca2 1 ) by 2.0 kcal/ mol per unit cell, a value that is in agreement with energy differences between polymorphs. Furthermore, form 2 has higher density than form 1. We therefore conclude that form 2 is more stable. Our conclusion is consistent with the same hydrogen bond motif in their crystal structures and the slightly better close packing of hydrophobic groups in form 2 than form 1 (see Figure  4) . The "infrared rule" 12 says that in hydrogen-bonded polymorphic structures (with similar hydrogen bond motifs) the structure with the higher frequency in bond stretching modes may be assumed to have the larger entropy. The highest ν s in the IR spectrum of form 1 is at 3323 cm -1 and in form 2 at 3350 cm -1 (Table S1 , Supporting Information). This means that form 2 has larger entropy or weaker intermolecular hydrogen bonds. Form 1 has stronger O-H‚‚‚Cl -and N + -H‚‚‚ Cl -hydrogen bonds in accordance with its lower bond stretch vibration, an observation that is supported by the hydrogen bond energy component to the crystal lattice (Cerius 2 , Dreiding2.21 force field): form 1 ) -5.38 and form 2 ) -4.72 kcal/mol per molecule. Grinding experiments with forms 1 and 2 point toward the latter modification showing phase transformation. When form 2 was powdered in a ball mill for 20 min, it partially converts to the hydrate form 4 by absorbing moisture from the atmosphere. On the other hand, form 1 does not transform on ball milling ( Figure S8 , Supporting Information). We have not observed transitions between forms 1 and 2 in our experiments. Given that the melting point of both forms 1 and 2 is a few degrees below the phase transition temperature, it means that these polymorphs are monotropically related in the ambient to 220°C range. 3c Accurate calculation of the enthalpy and entropy of melting from DSC is complicated by the fact that the melting endotherm in form 2 follows through with an exotherm. Further experiments and more accurate computations are needed to confirm the relative stability of VenHCl polymorphs 1 and 2.
Our results on the preparation, characterization, and phase transformations in VenHCl polymorphs are summarized in Scheme 1. Dehydration of form 4 to form 1 and rehydration is reversible and the structures of these crystalline solids are different based on powder XRD analysis. It would be interesting to study the kinetics of the transient form 5 converting to hydrate form 4, i.e., whether it is a direct transformation or involves form 1 as an intermediate.
During the course of our studies, we crystallized venlafaxine base from several solvents (see Experimental Section). Single-crystal X-ray diffraction afforded structure solution in monoclinic space group P2 1 /c. 13 Our preliminary inference is that polymorphism in Ven base is not as likely as in VenHCl. The intramolecular O-H ‚‚‚N interaction shown in Figure 12 (1.77 Å, 145.8°) ties up the molecule in a single conformation. Crystalline polymorphs 1 and 2 of VenHCl are conformational polymorphs. 8 
Conclusions
We describe thermal, spectral, and structural analysis of five polymorphs of VenHCl by manual screening, which puts this substance into the category of highly polymorphic drug compounds. Compounds exhibiting more than three polymorphs are classified as "highly polymorphic". 4d High-throughput survey of crystal polymorphs in another SSRI drug, setraline hydrochloride, 14 shows the presence of amorphous glass, metastable phase, transient hydrate, melt phase, solvates, and dehydrated phases. Although several polymorphs of VenHCl are disclosed in patents, their interrelationships, phase transitions, and relative stability have not been systematically examined. Furthermore, DSC thermograms and melting points of forms 1 and 2 in the patent literature are not consistent (Table 2) . Polymorphs were incompletely characterized, at times using only a single technique, which makes it difficult to assign the modification confidently and to confirm its phase purity. Ideally, multi-instrument measurements (e.g., DSC, TGA, FT-IR, Raman, powder XRD, SC-XRD, SS-NMR) should match the signature of a particular polymorph to establish its identity and purity. Our analysis of VenHCl polymorphs is based on combined data from DSC, TGA, HSM, FT-IR, and XRD measurements. Our thermochemical analysis highlights the importance of slow scan rates in DSC because the small endotherms are observed only at 2 K/min but are not noticeable at 10 K/min. In addition to confirming the presence of four reported forms 1-4 of VenHCl with better characterization, we also show that there is a new phase, form 5, obtained by sublimation. Form 5 is shortlived (stable for few hours up to 1 day) under inert conditions. It transforms to hydrate form 4 in open air and to form 1 upon keeping in dry conditions. All four polymorphs of VenHCl, forms 1-4, show vaporization to the sublimation phase at 220-260°C as confirmed by TG-IR. Whereas TG-IR has so far been used to analyze vapors evolved from solvated crystals (hostguest compounds), 15 we show that this coupled technique may also be used to identify sublimation of a polymorphic substance. Crystal lattice of form 2 is more stable than form 1, but it is the former modification that transforms partly to hydrate form 4 on ball milling. Form 1 is kinetically stable to further transformation under induced pressure. Hence form 1 VenHCl is the preferred solid modification for formulation in caplets and capsules. Our conclusions are based on results from 3-4 consistent measurements. Phase transitions of forms 1 and 2, search for new polymorphs of VenHCl, and further studies using HSM and VT-PXRD are the subject of continuing investigations in our group.
Experimental Section
Thermal Analysis. DSC was performed on a Mettler Toledo DSC 822e module and TGA was performed on a Mettler Toledo TGA/SDTA 851e module. Samples were placed in open alumina pans for the TG experiments and in crimped but vented aluminum sample pans for DSC experiments. The typical sample size is 4-6 mg for DSC and 9-12 mg for TGA. Temperature range was 30-300°C @ 2 K/min. Samples were purged by a stream of nitrogen flowing at 150 mL/min for DSC and 50 mL/min for TG. The TG instrument is coupled to a Bruker Tensor FT-IR spectrometer for evolved gas analysis. The evolved vapors from TGA instruments were passed through a coupled heated transfer line at 120°C and characterized with a DlaTGS detector. For TGA-IR analysis, the sample size is 9-12 mg, the heating rate is 10 K/min, and the N 2 flow @ 50 mL/min.
HSM The synthesis and characterization of guest-free crystalline forms of host molecules is generally difficult because they do not crystallize in the absence of a second component, usually a solvent and/or water molecule, which acts as a crystallization aid and/or filler in the voids. 1 Some recent methods to obtain guest-free crystalline forms of lattice inclusion host compounds are the use of (1) , or both, as is common in phenolic host molecules. 5 The crystal structure of pure 1 has not been reported. We attempted crystallization of 1 from several common solvents (including trifluorotoluene) 2d to obtain a guest-free form; only solvent inclusion crystals or ill-defined powders were obtained. The thermodynamics of phase relationships between solvated and desolvated forms 2f and subtle structural differences among pure host polymorphs 2g is an important topic in microporous solids because of its application in gas storage technology. 1 We report polymorphs of pure host 1 from melt crystallization and sublimation. These solvent-free crystallization methods are shown to have a much greater probability of multiple Z9 structures compared to overall Z9 frequencies. 6 Compound 1 was synthesized 4 and purified to afford the pure host molecule as a white solid. Sublimation at 150-175 uC for 6 h (or 140-150 uC, 0.2 Torr, 2 h) afforded thin plate and fine needle shaped crystals on the cold finger. When the pure host 1 was heated to 180-190 uC and the resulting neat liquid phase cooled rapidly (by bathing the outer wall of the test tube with volatile solvent), crystals of plate and block morphology were obtained.
There is good consistency in obtaining the respective crystals under optimized crystallization conditions (see ESI).{ Single crystal X-ray diffraction confirmed that the sublimed and melt phases, 1s and 1m, are indeed polymorphs.{ 1s crystallizes in the triclinic space group P 1 (Z9 = 1) and the structure of 1m is in the orthorhombic space group Pbca (Z9 = 2). The three conformers of 1 overlay nicely except for the different orientation of OH groups (Fig. 1) ; the OH groups are oriented syn in the triclinic rotamer and one of the orthorhombic rotamers (A) of 1m whereas they are anti in the second molecule (B Molecular conformer and crystal lattice energies were computed. 9 The molecule conformer energies of 1s, A, B (1m) = 0.00, ; 71.1%) may be due to the longer inter-aromatic separation of 3.8 6 2.4 Å (C13B-C9B, C15A-C15A) between B molecules (Fig. 3 and Fig. S3 ) compared to no voids in 1s (C15-C15, after subtracting 3.4 Å = p-plane diameter). The isolation of pure 1 dimorphs will allow us to study desolvation pathways of its host-guest complexes, analogous to the versatile p-tert-butylcalix [4] arene host.
2a,g,h,j
We sought answers with regard to kinetic and thermodynamic forms, monotropic or enantiotropic phases, and the mechanism of transformation. Hot stage microscopy (HSM) showed that the a block of the melt crystal begins to melt at 178-182 uC and is completely liquid-like at 183-185 uC. Cooling afforded sublimed crystals of fine needle shape (Fig. 4) . On the other hand, sublimed crystals 1s do not show any apparent crystal form change in a similar heat-cool cycle on the hot stage (Fig. S4 of the ESI{) . Differential scanning calorimetry (DSC) thermogram of 1s has a single broad endotherm at y184 uC (T peak ) but 1m shows two sharp endotherms at 183 and 188 uC with an exotherm in-between. These peaks correspond to the melting of 1m, then solidification (exotherm) to the 1s phase, followed by fusion of the sublimed form. After a heat-cool-heat cycle in DSC both melt and sublimed phases exhibit a single endotherm (Fig. 5) . Sublimation occurs in both 1s and 1m (after a phase transition at 183-185 uC in the latter), based on TG-IR (thermal gravimetry-infrared spectroscopy, Fig. S5 of the ESI{) of the evolved vapor. The single endotherm peak after reheating is ascribed to the stable sublimed phase. DSC, HSM and computation indicate that 1m is the kinetic polymorph and 1s is the thermodynamic phase (T m (1m) = 183 ¡ 1 uC; T m (1s) = 188 ¡ 1 uC). Conformational polymorphs 1m and 1s are monotropic up to 160 uC and enantiotropic 10 between 180-200 uC. A structural model for the phase transition of the microporous structure in 1m to the closepacked structure of 1s is proposed in Scheme 1.
Crystal structures with multiple Z9 (= number of molecules in the asymmetric unit) are more than just a crystallographic curiosity and they are now being increasingly studied. 8, 9, 11 In general, Z9 ¡ 1 is typical; ,12% organic crystal structures have Z9 . 1. We compare Z9 distributions in organic crystals obtained under solvent-free conditions of sublimation and melt crystallization with the overall data for organic crystal structures 3 (Table 1 ). There is an increase in Z9 . 1 frequency for solvent-free methods compared to solution crystallization, and the preference (last column ratio) is dramatic for Z9 ¢ 3. Interestingly, even as the ratio increases with increasing Z9, the number of hits decreases and a more clear trend will emerge only after more crystal structures are available with The reheating cycle endotherm is shifted to y5 uC lower temperature than the first heating cycle due to more efficient contact of the sample with the pan. 
